ABSTRACT -The aim of this study was to evaluate the effect of different abiotic stresses on the activity of antioxidant enzymes and on accumulation of proline in Erythrina velutina Willd. seeds during germination. Mulungu seeds were scarified and placed to germinate at constant temperatures of 15, 25, and 35 °C, moistened with distilled water, and exposed to 12 h of light. Other seeds were exposed to solutions of NaCl (EC of 0, 4, and 8 dS.m -1 ) and polyethylene glycol (osmotic potentials of 0.0, -0.2, and -0.6 MPa) and maintained in a germination chamber set at 25 °C and 12 h photoperiod for seven days. At the end of each period of imbibition, the embryonic axis and cotyledons of the seedlings were collected separately and used to quantify proline content and the activity of antioxidant enzymes. These were detected in both the cotyledons and embryonic axis of the mulungu seeds. Antioxidant activity varied depending upon the type and degree of stress applied. It was concluded that under the aspect of the detoxification process, the mechanism found in mulungu seeds is more efficient when subjected to different temperatures followed by salt stress and water stress.
Introduction
Some plant species native to the Caatinga (a xeric shrubland and thorn forest in Brazil) are of great biological importance due to their potential for popular use, evaluated through ethnobotanical surveys. Erythrina velutina Willd. (Leguminosae-Papilionoideae), a forest species native to the Caatinga of the brazilian Northeastern region, has shown tolerance or adaptation mechanisms regarding abiotic stresses, especially thermal, saline, and water stresses (Ribeiro-Reis, 2012) . This species produces a large quantity of viable seeds annually, and this is its main form of propagation. It is a plant that grows drought and high temperature conditions over most of the year (Carvalho, 2008) .
Success in establishment of seedlings is mostly dependent on seed quality (viability and vigor). High resistance to abiotic stresses is a characteristic arising from seeds; however, knowledge of these properties for E. velutina is not yet known as a potential source for granting tolerance to seedlings or adult plants. In addition, there are no published studies that deal with the physiological and biochemical changes in seeds from species native to the Caatinga, with a focus on the relation among enzyme activities in the different parts of the seeds during germination under different abiotic stresses. Most of these stresses, such as drought, salinity, heat, and cold may disturb the metabolic balance of cells, resulting in increased production of reactive oxygen species (ROSs), such as the superoxide radical (.O 2 -), hydrogen peroxide (H 2 O 2 ), and hydroxyl radical (OH.). Plants have developed an elaborate and efficient network of mechanisms for elimination that allow them to overcome the toxicity of ROSs (Bailey-Serres and Mittler, 2006; Foyer and Noctor, 2005) .
The detoxification process involves control and removal of ROSs in the different cellular compartments (Prisco and Gomes-Filho, 2010) , which is performed by antioxidants of an enzymatic nature, such as the enzymes superoxide dismutase (SOD, EC 1.15.1.1), ascorbate peroxidase (APX, EC 1.11.1.11), glutathione peroxidase (GPX, EC 1.11.1.9), guaiacol peroxidase (GOPX, EC 1.11.1.7) and catalase (CAT, EC 1.11.1.6); non-enzymatic antioxidants may also be included, such as α-tocopherol (vitamin E), β-carotene, ascorbate (vitamin C), and reduced glutathione (GSH), which plays an important role in the regulation of cell homeostasis amid ROSs (Foyer and Noctor, 2005) .
Proline has also been studied as a plant response to abiotic stresses. Many plants accumulate proline under conditions of water deficit, salinity, and extreme temperatures, in addition to activation of antioxidant enzyme activity (Chen et al., 2001) . Proline plays an important role in osmoregulation and osmotolerance; however, its exact role in exercising resistance to abiotic stresses such as salinity continues to be under controversy (Azooz et al., 2004; Demiral and Turkan, 2006) . In these situations of abiotic stresses, including drought, salinity, and extreme temperatures, proline acts as an osmoprotector, located in the cytoplasm, as a stabilizer of enzymes, of the macromolecule and organelle structure, and as a remover of reactive oxygen species (ROSs) (Demiral and Turkan, 2006) .
The ROSs are of growing interest in seed physiology, and their contributions have been related to the role of ROSs in the loss of vigor and viability during prolonged storage of orthodox seeds (Bailly et al., 2004) . Seeds may be exposed to severe stresses also during the germination process, including drought and high temperatures, and, in this sense, there are few reports on biochemical mechanisms of response to stress and, more specifically, on the activity of antioxidant enzymes. Thus, the aim of this study was to verify the activities of the enzymes related to oxidative stress and proline accumulation during germination of Erythrina velutina seeds subjected to abiotic stresses.
Materials and Methods
Obtaining seeds: E. velutina seeds were harvested, in October 2009, from parent plants at the municipality of Jutaí (Lagoa Grande, PE, Brazil) with geographical coordinates of 37º 18 ‫׳‬ 03 ‫״‬ W and 90º 52 ‫׳‬ 92 ‫״‬ S collected. The seeds were processed manually, placed in transparent plastic bags (0.15 mm thickness), and kept at ambient temperature (30 °C ± 5 ºC, 56 ± 6% RH) in the laboratory.
Prior to the physiological trials, mechanical scarification of the outside seed coat was carried out with the assistance of a mini-rotary tool (Western R-40). The seeds were then subjected to asepsis using a commercial 2% sodium hypochlorite solution for two minutes, and then washed in distilled water.
Evaluation was performed daily, considering germinated seeds those with at least two mm of length of the radicle. At the end of the test period, the seedlings were collected for biochemical analyses. The variables evaluated were mean percentage and time of germination (Labouriau, 1983) , mean speed of germination (Kotowski, 1926) , and germination speed index (Maguire, 1962) .
Effect of temperature: seeds were placed on rolls of towel paper, moistened with distilled water corresponding in volume to 2.5 times the weight of the substrate. The rolls containing the seeds were incubated in BOD germinators set at constant temperatures of 15, 25 and 35 °C and a 12 h photoperiod for a period of seven consecutive days.
Effect of osmotic potential: seeds were placed in rolls of towel paper, moistened with test solutions of PEG 6000 at different osmotic potentials (0.0, -0.2, and -0.6 MPa), prepared according to Villela et al. (1991) , corresponding in volume to 2.5 times the weight of the substrate. The rolls containing the seeds were incubated in germinators at 25 °C and a 12 h photoperiod for a period of seven consecutive days.
Effect of salinity: seeds were placed in rolls of torvel paper, moistened with NaCl solution, corresponding in volume to 2.5 times the weight of the substrate, at different electrical conductivity (EC), verified at 0, 4, and 8 dS.m -1 in an electrical conductivity meter. The rolls containing the seeds were incubated in BOD germinators set at constant temperatures of 25 °C and a 12 h photoperiod for a period of seven consecutive days. At the end of this period in the abiotic stress trials, the cotyledons and embryonic axis were collected for biochemical analyses.
Enzymatic extraction and biochemical analyses: 1 g of fresh matter of the samples collected was homogenized in 10 mL of 100 mM potassium phosphate buffer, pH 7.5; containing 1 mM of EDTA (ethylenediamine tetraacetic acid), 3 mM of DTT (dithiothreitol) and 5% of PVPP (polyvinylpolypyrrolidone) (Gomes-Junior et al., 2006) . The macerate was centrifuged at 10,000 x g for 30 min at 4 °C. The supernatant collected was divided into aliquots of 1.5 mL and stored in the freezer at -80 ºC up to the time of analyses of total soluble protein contents (Bradford, 1976) and activity of catalase antioxidant enzymes (Azevedo et al., 1998) , ascorbate peroxidase (Nakano and Asada, 1981) , guaiacol peroxidase (Matsuno and Uritani, 1972) , and glutathione-S-transferase, which was determined according to the specifications of the Glutathione S-Transferase Assay Kit (CS0410 -Sigma).
Quantification of Proline: this was performed through homogenization of 0.5 g of fresh matter in 10 mL of 3% sulfosalicylic acid (w/v), which was centrifuged at 3000 rpm for 10 min. The supernatant was divided into aliquots and stored in a freezer at -20 ºC up to the time of analysis (Bates, 1973) .
Design and Statistical Analysis: a completely randomized experimental design was used, consisting of three treatments and four replications of 25 seeds for each stress applied. The data on germination percentage, mean time, mean speed and germination speed index were analyzed through analysis of variance using the Assistat program (Silva and Azevedo, 2009 ). The differences between the mean values obtained were compared by the Tukey test at 5% probability. For effect of analysis of variance, the data on germination percentage were transformed by the function (x + 0.5) 0.5 . For the enzyme data, the standard error of the mean (SEM) was established.
Results and Discussion
The percentage of seed germination remained at high levels with the increase in temperature, reduction of osmotic potential, and increase in salt concentration in the germination medium (Table 1) . When compared to the other treatments of temperature and osmotic potential, there was only a significant difference between seeds subjected to 35 °C and to the potential of -0.6 MPa, with a reduction of 18.2% and total inhibition of germination, respectively.
The effect of the temperature and water stresses was also verified in mean time, mean speed, and germination speed index. At the temperature of 15 °C, there was a significant increase in mean time and significant reduction in mean speed and germination speed index. At 35 °C, the difference for these variables was seen only in the germination speed index (Table 1) . According to Carvalho and Nakagawa (2012) , the greater the temperature is, the quicker germination will be and the more efficient the process will be, up to a certain limit. Species which are native to or well adapted to the Caatinga, in spite of having seeds with different ideal temperature ranges, have high tolerance limits, in line with the hot conditions of the region. Prosopis juliflora is able to germinate at higher temperature limits, such as those normally registered in the Caatinga ecosystem (Miranda et al., 2013) . Seeds from Cereus jamacaru have greater germination capacity and shorter mean time when germinated at 30 °C, in comparison to other temperatures (Meiado et al., 2010) . In seeds from aroeira (Myracrodruon urundeuva) collected in the Caatinga, the best temperature for germination, with greater speed, is 30 °C, and the temperature limit, at which the speed of germination of this species is harmed, is above 35 °C (Guedes et al., 2011) . Seeds of E. velutina show a similar response, with a tolerance limit of 35 ºC, with 25 °C being the optimum temperature for germination (Ribeiro-Reis, 2012) .
As well as having a strong influence on the speed and final germination percentage, in an intracellular manner, temperature influences the biochemical reactions that determine the germination process since their enzymatic systems have specific thermal requirements (Marcos-Filho, 2005) .
Evaluating the effect of osmotic potential (water restriction) for E. velutina seeds, the −0.2 MPa solution led to an increase in mean germination time from 4.43 (control) to 5.59 days, though this was not significant. Nevertheless, for the other variables, there were significant reductions in mean speed and in the germination speed index. This information indicates GSI as a factor which is more sensitive to the effects of osmotic stress than germination percentage.
The increase in salt concentration did not have a significant effect on the germination percentage and other germination variables in E. velutina seeds. In contrast, in Chorisia speciosa seeds (Fanti and Perez, 2004), a high limit of tolerance to salt stress was not seen, with moderate tolerance to NaCl. This has also been observed in Jatropha curcas (Andreo-Souza et al., 2010) and Carthamus tinctorius (Dantas et al., 2011) .
The reduction in the germination percentage and the delay in the beginning of the germination process with the increase in salt concentration that occurred in these species may be related to the physiological dryness produced. In this condition, in which external water potentials are very low due to the salt concentration, water absorption by the seed is restricted, inhibiting metabolic events that culminate in seedling emergence (Custódio et al., 2009) . Catalase activity (CAT) showed variations in accordance with the stress applied (Figure 1) . It was seen that at the temperature of 15 °C, there was no difference in the activity of this enzyme between the cotyledons and the embryonic axis. With the increase in temperature to 25 °C, there was an increase in activity, especially in the axis, remaining constant at the temperature of 35 °C ( Figure 1A ). Enzymes that remove ROSs are considered of great importance for concluding the germination process (Bailly, 2004) since the production of ROSs during seed germination is considered as a cause of stress that may affect the success of germination. Detection of the activity of these enzymes during germination has been observed in seeds of some species, such as Picea omorika (Prodanovic et al., 2007) , Medicago sativa (Cakmak et al., 2010) , and Jatropha curcas (Cai et al., 2011) ; nevertheless, there are no published studies with seeds of forest species subjected to abiotic stresses.
An increase in CAT activity in osmotic potential (-0.2 MPa) was observed, mainly in the embryonic axis, subsequently decreasing with the increase in water restriction (-0.6 MPa). This reduction proved to be more accentuated in the axis, arriving at levels equivalent to that found in the cotyledons ( Figure 1B ). An increase in CAT activity at 4 dS.m -1 was seen in the seeds subjected to the different concentrations of the NaCl solution; moreover, a decrease in enzyme activity in the cotyledons was observed with the increase in salt concentration ( Figure 1C) . The variations found in the responses of CAT activity to the treatments applied show that this enzyme is more sensitive to water restriction in the embryonic axis of the E. velutina subjected to -0.6 MPa, compared to the other treatments.
Water restriction caused by this potential may have interfered in these defense mechanisms, blocking germination, without there being damages from deterioration to the seeds since, according to Marcos-Filho (2005) , the increase in activity of these enzymes indicates the evolution of deterioration, due to the need for more intense activity of the enzymes participating in the antioxidant complex. According to Hendry (1993) , seeds are more sensitive to water stress because the free radicals tend to accumulate more, since removal systems are not effective in dehydrated organisms.
Catalase (CAT) is a variety of peroxidase that catalyzes the breakdown of hydrogen peroxide (Gill and Tuteja, 2010; Sharma et al., 2012) . Changes in the balance of ROS-detoxifying enzymes induce compensatory mechanisms in the tissues. For example, when catalase is reduced, protector enzymes, like ascorbate peroxidase (APX) and glutathione peroxidase (GPX), are expressed in greater quantities, as a compensatory effect (Apel and Hirt, 2004) .
Activity of the enzyme APX was not seen in the cotyledons of the seeds subjected to stresses by temperature, water, and salt in E. velutina (Figures1D and F) . Activity in the embryonic axis increased in response to rise in temperature, ranging from 1000 to around 10,000 ηmol when the E. velutina seeds were incubated at 15 and 35 °C, respectively ( Figures 1D, E and F) . A contrasting result was seen in the seeds subjected to water and salt stresses, in which APX activity was inhibited with the decrease in osmotic potential of the solution from 0.0 to -0.6 MPa ( Figure 1E ), remained constant up to 4 dS.m -1 , and decreased with the increase in the concentration of the NaCl solution to 8 dS.m -1 ( Figure 1F ). Considering that APX is an alternative route in removal of hydrogen peroxide from the medium, it may be supposed that the production of ROSs was low in the E. velutina seeds subjected to these water potentials and saline concentrations during the germination process due to the water restriction caused by these treatments, which maintained the activity of this enzyme at extremely low levels, or even that catalase has sufficient activity to put the peroxide levels at an acceptable concentration.
The level and the type of ROSs are determining factors for the type of response. Hydrogen peroxide (H 2 O 2 ) and superoxide (O 2 .- ) may induce different genes, together or separately, giving more flexibility to the signaling of ROS. However, the biological effects of H 2 O 2 that benefit the plants, mediating acclimatization and cross-tolerance to biotic and abiotic stresses, prove to be dependent not only on their concentration but also on their production site, on the stage of plant development, and on previous exposure of the plant to other types of stress (Petrov and Breusegem, 2012) . In this context, peroxidases play a critical role in metabolism of the seeds through using peroxides as a hydrogen acceptor, regulating the formation of H 2 O 2 in the plants (Kim et al., 2008) , and they are able to contribute to the increase in defense mechanisms and prevention of loss in quality.
A certain similarity may be seen in the behavior of the APX enzymes (Figure 1 ) and that of guaiacol peroxidase (GOPX) (Figure 2 ) in the embryonic axis of the E. velutina seeds in response to stresses, except for water stress. Nevertheless, little activity of the enzyme GOPX was seen in the cotyledons of the seeds subjected to the different treatments. The activity of GOPX in the axis remained constant at the three temperatures evaluated (Figure 2A ). In the axis of the seeds subjected to water stress, it was seen that GOPX activity was inhibited with the decrease in osmotic potential of the solution from 0.0 to -0.6 MPa ( Figure 2B ). With the increase in the concentration of the NaCl solution from 0 to 4 dS.m -1 , it remained practically constant, and decreased with the increase in the concentration to 8 dS.m -1 ( Figure 2C ). From these results, it may be inferred that under the aspect of the detoxification process, the mechanism is more efficient in seeds subjected to different temperatures, followed by salt stress, and finally water stress.
Under normal physiological conditions, there is a balance between the ROSs and the antioxidants; when the plants are subjected to environmental stresses, the balance between production of ROSs and antioxidant activity increases, resulting in oxidative damage. Although this increase may be a threat to cells, these species may also act as signalers and regulators key to many biological processes of stress response and means of defense of the plant (Fujita et al., 2006; Mittler et al., 2011) .
The increase in enzymatic and non-enzymatic antioxidant activity may be an adaptive response of the cells to the increase in ROSs. According to Hernandez et al. (2010) , plants that show greater activity of the antioxidant system are more resistant to oxidative damages.
There was variability in the activity of glutathione-Stransferase (GST) among the treatments applied ( Figures 2D, E) . Greater activity of the enzyme was seen in the embryonic axis subjected to the treatment of 35 °C (5.85 µmol CNDB.min -1 . mg of protein -1 ) ( Figure 2D ). In contrast, the embryonic axis subjected to -0.6 MPa was that which showed least activity (1.80 µmol CNDB.min -1 .mg of protein -1 ) ( Figure 2E ). Seeds subjected to the different concentrations of NaCl, despite having obtained greater activity of GST when compared to seeds subjected to the different osmotic potentials, showed the same tendency ( Figure 2F ). The GSTs are considered important enzymes which have the capacity of metabolizing various xenobiotics, thus providing for detoxification of plants, as seen in various studies in wheat, pea, corn, and soybean crops (Uotila et al., 1995 , Cataneo et al., 2003 , Moldes et al., 2008 . The GSTs promote the conjugation of GSH (reduced glutathione) with endogenous cytotoxic products and agents of oxidative damages, like hydroxyl radicals, membrane lipid peroxides, and products of oxidative degradation of DNA, aiming at their detoxification. The GSTs also function like glutathione peroxidases by acting directly on such products (Dixon et al., 2008) . Although knowledge of the mechanisms of action of the GSTs in increasing tolerance of plants to herbicides is well clarified, in this study, the activity of this enzyme was also an indication of sensitivity in enzymatic response of E. velutina seeds under abiotic stresses (Figure 2) .
In general, variability of accumulation of proline among the treatments applied was observed. An increase in the proline contents in the embryonic axis subjected to temperature treatment as of 15 °C was seen, which was more accentuated than in the cotyledons ( Figure 3A ). In the seeds subjected to water treatment, it was observed that the levels of proline in the cotyledons remained constant, and in the embryonic axis there was a slight increase in the contents from 0.0 to -0.2 MPa ( Figure 3B ). As of this potential, there was reduction, returning practically to the initial levels found.
In relation to the salt treatment, the proline levels remained practically at constant levels ( Figure 3C ), and the highest levels were found in the embryonic axis. Some studies associate the high levels of proline to tolerance to osmotic stresses, like drought and salinity (Azooz et al., 2004; Kavi Kishore et al., 2005) . The accumulation of proline provides an environment compatible with the structure and function of macromolecules and contributes to tolerance to salinity in Vigna radiata (Misra and Gupta, 2005) . In E. velutina, the constant presence of this osmoprotector may have provided seeds with tolerance to the thermal and saline treatments. Nevertheless, the osmotic adjustment was not sufficient with the proline contents present in the mulungu seeds subjected to -0.6 MPa which would allow protection of the seeds to water restriction.
Conclusions
Activities of the antioxidant enzymes are detected in the cotyledons and embryonic axis of mulungu seeds;
The accumulation of proline is detected in the cotyledons and embryonic axis of mulungu seeds;
The greater activity of APX and GOPX in the temperature treatment indicates greater tolerance to this stress;
The constant presence of proline in the mulungu seeds subjected to salinity contributed to osmotic adjustment, conferring tolerance to this abiotic stress.
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